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ABSTRACT
We study the impact of the extra density fluctuations induced by primordial magnetic
fields on the reionization history in the redshift range: 6 < z < 10. We perform a compre-
hensive MCMC physical analysis allowing the variation of parameters related to primordial
magnetic fields (strength, B0, and power-spectrum index nB), reionization, and ΛCDM
cosmological model. We find that magnetic field strengths in the range: B0 ≃ 0.05–0.3
nG (for nearly scale-free power spectra) can significantly alter the reionization history
in the above redshift range and can relieve the tension between the WMAP and quasar
absorption spectra data. Our analysis puts upper-limits on the magnetic field strength
B0 < 0.358, 0.120, 0.059 nG (95 % c.l.) for nB = −2.95,−2.9,−2.85, respectively. These
represent the strongest magnetic field constraints among those available from other cos-
mological observables.
Key words: dark ages, reionization, first stars – intergalactic medium – cosmology:
theory – large-scale structure of Universe.
1 INTRODUCTION
Magnetic fields are ubiquitously present in the universe and
play an important role in various astrophysical processes: star
formation, accretion disks, proto-planetary disks, formation
and stability of jets, dynamics of inter stellar medium (ISM),
etc. (e.g. Parker 1979, Zeldovich, Ruzmaikin, & Sokolov 1983)
However their role is still not well understood on larger scales
and in the cosmological context, e.g. in the process of for-
mation of the early galaxies and structure formation (e.g.
Widrow 2002, Ryu et al. 2012). At present, the possible im-
pact of cosmic magnetic fields is being investigated for a host
of observables in astrophysics and cosmology. The probe of
such fields is also one of the principle aims of many of the
ongoing and upcoming large radio interferometers such as LO-
FAR1 and SKA2.
Magnetic fields in the universe are known to be coherent
over the scales of galaxies and galaxy clusters, ≃ 10–50 kpc
(e.g. Beck 2012, Widrow 2002). There is also evidence of coher-
ent magnetic fields over super-cluster scales (Kim et al. 1989).
These fields could have arisen from the dynamo amplifica-
tion of very small seed fields (≃ 10−20 G) generated in the
early universe (e.g. Beck 2012). Alternatively, the observed
fields might owe their origin to far stronger large scale pri-
mordial fields (∼ 10−9G) that could have been generated
during inflation or other an early phase transition in the
universe (Turner & Widrow 1988, Ratra 1992, Widrow 2002,
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Ashoorioon & Mann 2005). Here we study some implications
of the latter hypothesis.
Primordial magnetic fields leave their signature on
a range of cosmological processes and observables (e.g.
Yamazaki et al. 2012, Yamazaki 2014). These fields can gen-
erate density perturbations in addition to the ΛCDM
model in the post-recombination epoch (Wasserman 1978,
Kim, Olinto, & Rosner 1996, Gopal & Sethi 2003). The mat-
ter power spectrum of these density perturbations domi-
nates the standard ΛCDM matter power spectrum at small
scales (≃ 1–10 h−1Mpc). Such effects can be directly probed
by cosmological gravitational lensing and Lyman-α obser-
vations (Chongchitnan & Meiksin 2014, Pandey & Sethi 2013,
Pandey & Sethi 2012, Shaw & Lewis 2012).
This additional power can cause early formation of
structures (e.g., galaxies) which consequently cause early
reionization of the IGM. As of today, the main observa-
tional constraints on reionization come from the CMB
polarization data (e.g., those from the WMAP and Planck
experiments, Planck Collaboration et al. 2013a) and the
quasar absorption spectra at z & 5.5 (Fan et al. 2006).
Detailed models which are able to match these and a va-
riety of other observations predict the reionization to be
process extended over 6 . z . 15. It has been shown that
the presence of magnetic fields can affect the reionization
history and alter the HI signal from epoch of reioniza-
tion (Yamazaki et al. 2012, Sethi & Subramanian 2009,
Kahniashvili et al. 2010, Sethi & Subramanian 2005). In this
paper, we extend available detailed models of reionization
(Choudhury & Ferrara 2005, Choudhury & Ferrara 2006) by
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including magnetic fields and carry out a detailed mutli-
parameter MCMC analysis to compare with available data
sets. The main goal is to check the level of constraints one
can put on the primordial magnetic field.
There is another aspect related to the magnetic
fields, early formation of galaxies and reionization
which is worth considering. Models which are consis-
tent with all available data sets usually require some
efficient sources of ionizing photons at high redshifts,
e.g., metal-free PopIII stars (Choudhury & Ferrara 2005;
Mitra, Choudhury, & Ferrara 2011) in addition to the usual
PopII stars. These PopIII sources, however, are unlikely
to contribute significantly to the photon budget at lower
redshifts z . 9 because of feedback effects, which is crucial in
matching the low photoionization rate inferred from quasar
absorption spectra z ∼ 6 (Bolton & Haehnelt 2007). One
can thus conclude that in order to match the data sets, one
requires a high ionizing emissivity at z ∼ 10 which should
preferably decrease by z ∼ 6. In this regard, the presence
of magnetic fields may assist in producing large number of
dark matter haloes at high redshifts, and hence would help in
reconciling with data sets without invoking any other sources
like PopIII stars. This paper considers the effect of primordial
magnetic field on the structure formation as a viable source
which can affect the reionization process appreciably.
The plan of the paper is as follows: we discuss the model
of reionization and the impact of the inclusion of primordial
magnetic field in the next section. The main results are pre-
sented in Section 3. We summarize our results and discuss
their implications in section 4.
2 METHOD
We first briefly summarize the main features of the reion-
ization model used in this paper; the details can be found
in Choudhury & Ferrara (2005), Choudhury & Ferrara (2006)
and Choudhury (2009). The model follows the ioniza-
tion and thermal histories of neutral, HII and HeIII re-
gions simultaneously and self-consistently accounting for
the IGM inhomogeneities based on a method outlined in
Miralda-Escude´, Haehnelt, & Rees (2000). The density distri-
bution of the IGM is assumed to be lognormal. The rate of
number of ionizing photons per unit volume (i.e., ionizing emis-
sivity) in the IGM from galaxies is assumed to be given by
n˙ph(z) = nbNion
dfcoll
dt
, (1)
where nb is the number density of baryons and fcoll is the dark
matter collapsed fraction. The proportionality constant Nion
physically represents the number of ionizing photons in the
IGM per baryon in collapsed objects. It can be written as
Nion = ǫ∗fescmp
∫
∞
νHI
dν
[
dNν
dM∗
]
, (2)
where ǫ∗ is the fraction of baryons within collapsed haloes
going into stars, fesc is the escape fraction of ionizing pho-
tons and [dNν/dM∗] gives the number of ionizing photons
(i.e., those with frequencies higher than the ionization thresh-
old νHI) per frequency interval per unit stellar mass and is
determined by the stellar IMF and the corresponding stellar
spectra, mp is proton-mass. We assume the stars to be Popu-
lation II with subsolar metallicity Z = 0.001 = 0.05Z⊙ with
a Salpeter IMF in the mass range 1 − 100M⊙. With this as-
sumption, the parameter Nion will be given by
Nion ≈ 3200ǫ∗,IIfesc,II = 3200ǫII, (3)
where we have defined ǫII ≡ ǫ∗,IIfesc,II. We assume ǫII to be
independent of redshift and consider it as a free parameter in
our model. In this work, we do not invoke any other sources of
reionization which are often done in other studies, e.g., metal-
free PopIII stars. Our main aim would be to verify if the pres-
ence of magnetic fields is able to eliminate the requirement of
PopIII stars and still give a good match to the data.
The collapse fraction, fcoll, depends on the minimum mass
of star-forming haloes. In neutral regions, we assume it to be
determined by atomic cooling (i.e. we neglect cooling through
molecular hydrogen). However, the minimum mass will be
larger in ionized regions because of radiative feedback. Our
model can compute radiative feedback (suppressing star for-
mation in low-mass haloes using a Jeans mass prescription)
self-consistently from the evolution of the thermal properties
of the IGM. The corresponding filtering scale, which depends
on the temperature evolution of the IGM, is found to be typi-
cally around ∼ 30 km s−1.
The HI photoionization rate is given by
ΓHI(z) = 4π(1 + z)
3
∫
νHI
dν λmfp(z, ν) n˙z,ν σHI(ν), (4)
where σHI is the photoionization cross section and λmfp is the
mean free path of ionizing photons. The mean free path is
modelled as (Miralda-Escude´, Haehnelt, & Rees 2000)
λmfp(z) =
λ0
[1− FV (z)]2/3 , (5)
where FV is the volume fraction of ionized regions and λ0 is a
normalization parameter. This parameter can be constrained
using the redshift distribution of Lyman-limit systems
dNLL
dz
=
c√
πλmfp(z)H(z)(1 + z)
. (6)
Given a reionization history, we compute the angular power
spectra Cl of CMB temperature and (E-mode) polarization
anisotropies. We combine our calculations with the publicly
available code CAMB3 (Lewis, Challinor, & Lasenby 2000) in
order to do so. The crucial parameter which determines the
Cl is the electron scattering optical depth
τel(z) = σT c
∫ t(z)
0
dt ne(z) (1 + z)
3, (7)
where ne(z) is the comoving number density of free electrons
and σT is the Thomson cross section and c is the speed of
light.
2.1 Inclusion of magnetic fields
The effect of the magnetic field is included by adding the addi-
tional matter power induced by these fields to the usual dark
matter power spectrum PDM(k). As we show below, the col-
lapsed fraction fcoll, which determines the ionizing emissivity
in equation (1), is a sensitive function of PDM(k) and hence the
inclusion of magnetic fields can significantly alter the reioniza-
tion history.
3 http://camb.info/
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We assume the primordial magnetic field to be a stochas-
tic Gaussian field (see Mack, Kahniashvili, & Kosowsky 2002
and references therein). For a non-helical magnetic field, the
two-point correlation function of the tangled field can be writ-
ten as:
〈B⋆i (k)Bj(k′)〉 = (2π)3δ(3)(k− k′)Pij(kˆ)PB(k). (8)
Here i and j are spatial indices, i, j ∈ (1, 2, 3), kˆi = ki/k a unit
wave vector, Pij(kˆ) = δij − kˆikˆj the transverse plane projec-
tor, δ(3)(k− k′) the Dirac delta function, and PB(k) = AknB
is the power spectrum of the magnetic field; here A nor-
malizes the power in magnetic fields and nB is the spec-
tral index. The parameter A is computed by defining the
RMS of magnetic field at cut off scale kc; the RMS for
kc = 1Mpc
−1, is referred to as the magnetic field strength,
B0 (Mack, Kahniashvili, & Kosowsky 2002). The relation be-
tween A and B0 is given by
A =
(2π)nB+5B20
2Γ(nB/2 + 3/2)
. (9)
The magnetic field power spectrum drops at small scales
owing to dissipation in the pre-recombination era. The cut-off
scale kmax is determined by the Alfve´n wave damping scale
k−1max ∼ vALS where vA is the Alfve´n velocity and LS the Silk
damping scale (Jedamzik, Katalinic´, & Olinto 1998): kmax ≃
200 (1 nG/B0)Mpc
−1.
The primordial magnetic field induces density
perturbations in the post-recombination era which
grow by gravitational collapse (Wasserman 1978,
Kim, Olinto, & Rosner 1996, Gopal & Sethi 2003). The
matter power spectrum induced by magnetic fields has
the shape: P (k) ∝ k2nB+7 for nB ≤ −1.5; this matter
power spectrum is cut off at the magnetic field Jeans’ scale:
kJ ≃ 15(1 nG/B0)Mpc−1 (Kim, Olinto, & Rosner 1996,
Gopal & Sethi 2003) 4. The matter power spectrum is shown
in the Figure 1 for different values of B0 and nB along with
the power spectrum for the usual ΛCDM case. As shown in
the Figure, we adopt a sharp cut-off of the matter power
spectrum at the magnetic Jeans’ scale k = kJ (Peebles 1980;
Sethi & Subramanian 2005; Tashiro & Sugiyama 2006a;
Tashiro & Sugiyama 2006b; Schleicher et al. 2009;
Tashiro & Sugiyama 2011; Schleicher & Miniati 2011;
Tashiro, Takahashi, & Ichiki 2012; Pandey & Sethi 2012).
We note that the mass dispersion σ2 ∝ k3P (k) and the
number of haloes for a given mass is very sensitive to σ.
Therefore, by adopting a sharp cut-off, we obtain conservative
limits on the strength of magnetic field as compared to the
case in which the cut-off is gradual (Pandey & Sethi 2013).
It has been shown from other cosmological observables
that the only class of acceptable magnetic field models
correspond to the near scale-free models, nB ≃ −3 (e.g.
Sethi & Subramanian 2005). Hence in this work we study only
models with nB very close to −3.
In this paper we assume the sources of inflationary den-
sity perturbations and magnetic field generation to be uncor-
related. This allows us to add the two matter power spectra
in quadrature for our computation. It should also be under-
lined that the presence of sub-nG fields does not substantially
4 The quantity kmax is a cut-off scale in magnetic field power spec-
trum PB(k) in eq 8, whereas kJ is a magnetic Jeans cut-off scale
in magnetic field induced matter power spectrum due to magnetic
pressure. The magnetic Jeans scale does depend on nB, but the
dependence is extremely weak for near scale-free models nB ≃ −3.
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B0 = 0.1, nB = −2.95
B0 = 0.1, nB = −2.99
B0 = 1.0, nB = −2.95
B0 = 1.0, nB = −2.99
Figure 1. Inflationary and primordial magnetic field induced mat-
ter power spectra. A sharp cut-off has been put at the magnetic
Jeans scale for magnetic cases.
change the normalization of σ8, as magnetic field induced mat-
ter power spectra make negligible contribution to the scales of
interest: k ≃ 0.01–0.5Mpc−1 (Figure 1). As noted above, the
main impact of the extra matter power induced by magnetic
fields is to increase the collapse fraction and alter its evolu-
tion. This induced power spectrum (Figure 1) causes collapse
of mass haloes close to the magnetic field Jeans’ scale (e.g.
Kahniashvili et al. 2010) and therefore changes ionization his-
tory which might not be reproducible by altering parameters
within the framework of ΛCDM model.
3 RESULTS
3.1 Free parameters
In this section, we present the results of our calculation. We
work with a flat ΛCDM cosmological model defined by five pa-
rameters Ωm,Ωb, h, σ8, ns. This has to be supplemented by the
two parameters related to reionization, the stellar efficiency pa-
rameter ǫII and the normalization of the mean free path λ0.
For models with magnetic field, we need two more free param-
eters B0 and nB to complete the set.
It has been shown that among the cosmological param-
eters, the two which affect the reionization history most sig-
nificantly are the ones related to the dark matter fluctuation
power spectrum, i.e. σ8, ns. In fact, even when the three param-
eters Ωm,Ωb, h are kept fixed, it is found that the best-fit val-
ues and the error-bars on the parameters ǫII and λ0 remain al-
most identical to the case when all the parameters are allowed
to vary (Mitra, Choudhury, & Ferrara 2012). For the rest of
the paper, we thus fix the values of these parameters to their
WMAP9 best-fit values Ωm = 0.279,Ωb = 0.046, h = 0.70
(Bennett et al. 2013).5
5 One may argue that it is more reasonable to use priors from more
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Effect of non-zero B0 on quantities related to reionization. The left hand panel shows the evolution of electron scattering optical
depth τel, the middle panel shows the volume filling factor of ionized regions and the right hand panel shows the evolution of the photoionization
rate ΓHI. We have also shown the observational data points, see text for details. The three models shown are summarized in Table 1.
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are in units of nG. The dashed lines are for the values of B0 and
nB which are close to the best-fit values obtained from reionization
constraints.
recent experiments like Planck (Planck Collaboration et al. 2013b).
We use the WMAP9 priors mainly because the data and likelihood
analysis used in section 3.3 are from WMAP9. Using data from
Planck Collaboration et al. (2013b) may not alter the constraints
obtained in this work as most of the parameters have almost simi-
lar values (the value of h is smaller for Planck than WMAP, however
the combination Ωmh2 remains almost similar, and hence the effect
on reionization is not that drastic). It might be interesting to re-
visit this problem once the Planck polarization measurements are
released.
Parameter Model A Model B Model C
B0 (nG) 0.0 0.0 0.08
ǫII 0.006 0.0175 0.006
Table 1. Models used for discussing the effect of B0 on reionization
history.
3.2 Effect of magnetic fields on reionization history
We first discuss the effects of non-zero magnetic field on the
reionization history. In addition to fixing Ωm,Ωb, h as men-
tioned above, we fix the values of the cosmological parameters
σ8 = 0.821, ns = 0.972 to their best-fit values, and also fix
nB = −2.9. The arguments presented in this section would
hold equally well for any other value of nB close to −3. It
is sufficient to vary the efficiency parameter ǫII and the mag-
netic field B0 to understand the effect. The models and the
parameters considered in this subsection are summarized in
Table 1.
We plot the evolution of the electron scattering opti-
cal depth τel, the volume filling factor of ionized regions
QHII and the hydrogen photoionization rate ΓHI in Fig-
ure 2. We also compare the models with relevant obser-
vational data, i.e., with the WMAP9 constraints on τel
(Bennett et al. 2013) and the measurements of ΓHI from Lyα
forest data (Wyithe & Bolton 2011; Becker & Bolton 2013).
Consider first model A, which has no magnetic field. The value
of ǫII is chosen such that it is consistent with the upper limits
of ΓHI measurements at z = 6 (right hand panel), i.e., this is
the largest ǫII consistent with the Lyα forest data. The left
hand panel shows that this model underpredicts the value of
τel given by the WMAP9 observations. If we try to match the
τel constraints without introducing any additional physics, we
have to increase the value of ǫII. Model B represents such a
scenario where ǫII has been increased by a factor of ∼ 3 com-
pared to A. Now the match with τel is quite good, however,
this model overpredicts the ΓHI at z = 6 by a large amount
6.
We now introduce a non-zero magnetic field B0 = 0.08 nG
6 Of course, the tension between these two data sets can be recon-
ciled if it is found that the value of τel inferred by WMAP is higher
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Figure 4. Likelihood constraints for nB = −2.95. The contours are drawn at 68% and 95% confidence level. The solid and the dashed
curves in the diagonal plots are respectively, the marginalised posterior probability distribution and normalized mean likelihoods of the
corresponding parameter.
(with nB = −2.9) in our model. It is possible to repeat the
following exercise with any other value of nB by choosing
an appropriate B0. The efficiency parameter in model C is
kept identical to model A. We now see that the model is
able to match both the ΓHI data at z = 6 and the τel con-
straints. This shows that magnetic field can be useful in re-
lieving the tension between the CMB and QSO absorption line
data sets. The main reason for this is that presence of mag-
than the true value, as is evident from the latest Planck results
(Planck Collaboration 2015)
netic field allows for early formation of galaxies and hence can
drive early reionization. However, as reionization progresses,
the radiative feedback effects become more important and
regulates the formation of ionizing sources at z ∼ 10. This
leads to a feedback-regulated, extended and photon-starved
reionization which is required for good match with the data
(Bolton & Haehnelt 2007; Mitra, Choudhury, & Ferrara 2011;
Mitra, Choudhury, & Ferrara 2012)7. It also follows that this
7 There are alternate ways to achieve a reionization model which
is consistent with all the data sets, e.g., by introducing star for-
c© 0000 RAS, MNRAS 000, 000–000
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set of observations can also be used to put constraints on B0
as too high a value of B0 would lead to reionization too early
and would violate the τel bounds.
In Figure 3, we show the collapsed fraction for different
values of B0 and the spectral index nB. This figure allows us
to understand the results of the current and the next section
where we present detailed multi-parameter analysis. As noted
mation within minihaloes (Choudhury, Ferrara, & Gallerani 2008)
or by including a population of metal-free stars at high redshifts
(Choudhury & Ferrara 2006).
above, the main impact of the primordial magnetic fields is
to enhance density fluctuations at small scales (Figure 1). Fig-
ure 3 shows the impact of this addition to the collapsed frac-
tion as a function of mass. The collapsed fraction is seen to be
a sensitive and complex function of the parameter associated
with primordial magnetic fields.
We could understand this dependence as follows.
For the magnetic field-induced density perturbations, the
mass dispersion at a given scale: σ(M) ∝ B20(nB + 3)
(Vasiliev & Sethi 2014). Also σ(M) ∝ M−2/3 above the mag-
netic field Jeans’ scale which is a sharper fall as compared to
c© 0000 RAS, MNRAS 000, 000–000
Reionization and magnetic fields 7
6 7 8
zre
0.94
0.96
0.98
n
s
0.00
0.05
0.10
B
0
(n
G
)
0.000
0.005
0.010
ǫ I
I
1
2
3
4
λ
0
0.10
0.15
τ e
l
0.80 0.85
σ8
6
7
8
z
r
e
0.94 0.96 0.98
ns
0.00 0.05 0.10
B0 (nG)
0. 00 0.005 0.010
ǫII
1 2 3 4
λ0
0.10 0.15
τel
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the ΛCDM model in the relevant mass range. This also means
that the collapsed fraction is dominated by a small range of
mass scales around the magnetic field Jeans’ scale (see e.g.
Vasiliev & Sethi 2014, Figure 3). In the Press-Schechter for-
malism used to compute the collapsed fraction, the fraction
increases with σ(M) and could be exponentially sensitive to
the mass dispersion. Therefore, we expect an increase in the
mass fraction as nB is increased for a fixed B0. A change in the
value of B0 results in two distinct effects: (i) σ(M) increases
which tends to increase the collapsed fraction (ii) the magnetic
Jeans’ length also increases (for details see discussion in sec-
tion 2.2) which tends to decrease the collapsed fraction below
the magnetic field Jeans’ mass. The net effect of increasing the
value of B0 is to shift the collapsed fraction to larger masses
while decreasing the fraction at smaller masses, as seen in Fig-
ure 3.
3.3 Constraints on B0
In this section, we present results related to the constraints
on B0 based on detailed multi-parameter MCMC analysis.
c© 0000 RAS, MNRAS 000, 000–000
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We have modified the publicly available code COSMOMC8
(Lewis & Bridle 2002) to account for generic reionization histo-
ries (Mitra, Choudhury, & Ferrara 2011; Pandolfi et al. 2011)
and the effect of magnetic field on the matter power spectrum.
We take three different values of nB = −2.95,−2.90,−2.85
and for each case we vary five parameters, namely,
σ8, ns, B0, ǫII, λ0, keeping all the rest of the parameters fixed.
We constrain these parameters using (i) the WMAP9 data on
angular power spectra corresponding to the temperature auto-
correlation (TT), the E-mode polarization autocorrelation
(EE) and the TE cross-correlation (Bennett et al. 2013), (ii)
the photoionization rate in the IGM inferred from the Lyα for-
est at z ≤ 6 (Wyithe & Bolton 2011; Becker & Bolton 2013)
and (iii) the redshift distribution of Lyman-limit systems at
z < 6 (Songaila & Cowie 2010).
We would like to mention here that, we tried case nB =
−2.99 too but it turned out that the effect of magnetic field
on the mass function of collapsed haloes is negligible in the
mass scales relevant for reionization. The reason is that the
magnetic field-induced mass fluctuations have the dependence
σ(M) ∝ B20(nB + 3), and hence one requires very high value
of B0 to obtain any significant effect when nB → −3. The
collapsed mass fraction fcoll(> M) for B0 ∼ 1 nG is almost
same as the non-magnetic case forM . 1012 M⊙, see Figure 3,
thus implying that no significant effect on reionization history
can be expected. If we try to increase the collapse mass fraction
by making magnetic field value very high, the effect starts to
show at very large scales (e.g., B0 ∼ 100 nG shows significant
effects only for M & 1012 M⊙). The reason for this is that
magnetic Jeans cut-off scale is roughly proportional to the
magnetic field strength (kJ ∝ B−10 ). Since the contribution
of high mass haloes to the total ionizing photon budget is
negligible, they hardly make any difference to the reionization
history. Consequently the magnetic field seems to play no role
for nB = −2.99. This also suggests that the reionization starts
to become insensitive to magnetic field effects as nB → −3.
We show the results for three fixed values of nB: Figure 4
shows the likelihood contours for nB = −2.95 (which is almost
scale-free). The contours for nB = −2.90 are shown in Figure 5
and the ones for nB = −2.85 are shown in Figure 6. The results
of our analysis are summarized in Table 2. Note that in these
figures and the tables, the parameter zre refers to the redshift
when the reionization is 99% complete as given by our detailed
model of reionization.
We can understand our main results based on the discus-
sion in the previous subsection. The upper limit on B0 lies in
the range 0.36–0.06 nG and this limit decreases as nB is in-
creased in the range nB = −2.95 to −2.85, as we expect from
the discussion in the previous subsection. We note from the
figures that B0 is anti-correlated with the two parameters ǫII
and λ0. This is expected as a decrease in ǫII which results in
inefficient production of ionizing photons which can be com-
pensated by an increase in B0 leading to early halo formation.
Similarly a decrease in λ0 leads to smaller values of the pho-
toionization rate which too can be compensated by a higher
B0. It is also not surprising that B0 is strongly correlated with
the derived parameter τel, as larger values of B0 leads to early
reionization and hence larger τel.
Our analysis shows (Table 2) that the best-fit value of B0
is always non-zero, i.e., one obtains a better match to the data
when a non-zero magnetic field is included in the reionization
8 http://cosmologist.info/cosmomc
model. However, it is not possible to rule out the non-magnetic
cases within 2-σ limits. We also find that the inferred values
of the cosmological parameters σ8 and ns are quite close to
what obtained by the WMAP9 team (Bennett et al. 2013).
We discuss some of the caveats for our analysis. The
magnetic Jeans’ scale play a crucial role in our analysis.
The fact that the magnetic Jeans’ scale is not a very well
defined quantity like the thermal Jeans’ scale as it indi-
cates the breakdown of linear analysis in a magnetized fluid
(Kim, Olinto, & Rosner 1996), there is an inherent leverage in
our analysis. However, as we have discussed in the section 2.1,
we take a conservative approach by taking a sharp cut-off at
magnetic Jeans’ scale kJ , the constraints on B0 would be even
tighter if we use a gradual cut-off. In the reionization model
studied here, the assumption of a redshift-independent ǫII is
used. Some of the constraints on B0 might change if this as-
sumption is relaxed. For example, if the effective ǫII is allowed
to increase at high redshifts (e.g., introducing a population
of metal-free stars and/or X-ray ionizing sources), then the
upper-limit on B0 would become much tighter. On the other
hand, if there are reasons to believe that ǫII decreases at high-z
(e.g., if the escape fraction of photons is less at early epochs),
then one would need higher values of B0 to explain the data
and hence the upper-limit on B0 would be weaker. Interest-
ingly, one may end up putting a lower-limit on B0 in such
a case. Similarly, the constraints on B0 could be degenerate
with the effects of feedback. In this work, we have used a sim-
ple model of radiative feedback based on Jeans prescription,
while the actual situations could be more complex. It would
be interesting to check how the constraints change with differ-
ent prescriptions for feedback. The other crucial assumption
in our work is that we ignore the possibility of molecular cool-
ing in haloes. If such an effect is introduced, it will allow star
formation in minihaloes and would thus favour early reioniza-
tion. In that case we would be able to put much tighter limits
on B0. We shall explore such interesting possibilities in a later
work.
4 DISCUSSION
We studied the possible role primordial magnetic fields might
play in explaining the reionization history of the universe in
the redshift range z ≃ 6–10. These fields enhance the power
in the dark matter density fluctuations at small scales thus
allowing early structure formation. Our main results are: (i)
a non-zero B0 helps in relieving the tension between CMB
and quasar absorption line data sets in the photon-starved
reionization scenario by enabling early structure formation,
and (ii) the data sets can be useful in putting a upper-limit
on B0, we obtain B0 < 0.358, 0.120, 0.059 nG (95 % c.l.) for
nB = −2.95,−2.9,−2.85, respectively.
Many cosmological observables have been analysed to
constrain the amplitude and the spectral index of the mag-
netic field power spectrum: CMB observations, early structure
formation, weak gravitational lensing, Lyman-α data, etc.;
these considerations put upper bounds on B0 in the range
0.3–1 nG (e.g. Trivedi, Seshadri, & Subramanian 2012,
Kahniashvili et al. 2010, Shaw & Lewis 2012,
Pandey & Sethi 2013, Pandey & Sethi 2012, Lewis 2004,
Caprini, Durrer, & Kahniashvili 2004). Bounds obtained
from Big Bang Nucleosynthesis constraints give B0 . 10
−7 G
(Suh & Mathews 1999). Earlier constraints on primordial mag-
netic fields coming from the study of ionization history of the
c© 0000 RAS, MNRAS 000, 000–000
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Parameter nB = −2.95 nB = −2.90 nB = −2.85
Best-fit Mean 95% c.l. Best-fit Mean 95% c.l. Best-fit Mean 95% c.l.
σ8 0.811 0.808 [0.786, 0.837] 0.810 0.806 [0.787, 0.838] 0.809 0.805 [0.787, 0.835]
ns 0.972 0.973 [0.959, 0.986] 0.974 0.973 [0.960, 0.985] 0.973 0.973 [0.960, 0.968]
B0 (nG) 0.189 0.159 < 0.358 0.081 0.065 < 0.120 0.048 0.036 < 0.059
ǫII 0.0042 0.0048 [0.0022, 0.0090] 0.0051 0.0052 [0.0028, 0.0086] 0.0043 0.0052 [0.0030, 0.0087]
λ0 2.337 2.273 [0.918 , 4.541 ] 1.817 2.021 [0.944, 4.093] 2.233 2.008 [0.901, 3.721]
τel 0.089 0.084 [0.063 , 0.118 ] 0.086 0.082 [0.063, 0.119] 0.085 0.082 [0.063, 0.119]
zre 6.400 6.579 [5.800 , 7.800 ] 6.800 6.628 [5.800, 7.600] 6.400 6.624 [5.800, 7.800]
χ2 3781.18 – – 3781.23 – – 3781.18 – –
Table 2. Parameter constraints
post-recombination universe (Tashiro & Sugiyama 2006a,
Schleicher, Banerjee, & Klessen 2008,
Schleicher & Miniati 2011) also put the upper bound on
B0 in the reange 0.7–5 nG. Our results are consistent with all
these constraints. Interestingly, even magnetic fields of smaller
magnitude ≃ 0.1 nG can have an appreciable and potentially
detectable impact on the reionization history. In the future,
one can possibly improve these bounds by understanding
some of the physical processes related to reionization (e.g.,
feedback) through detailed modelling.
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